Gasdynamic flow features in an electrothermal arcjet thruster with a mixture of 1:2 nitrogen/ hydrogen as the working gas have been studied by a two-temperature numerical simulation. Seven species and 17 kinetic processes are included in the chemical kinetic model used to represent dissociation, ionization, and the corresponding recombination reactions in this nitrogen/hydrogen mixture system. Based on the gas flow characteristics inside the arcjet nozzle, a new method is introduced to define the edge of the cold boundary layer, which is more convenient to analyze the evolution and development of plasma flow in an arcjet thruster. The results show that the arcjet thruster performance is determined largely by the exchange of energy and momentum between the low-density, high-temperature arc region and the high-density, coolflow region near the nozzle wall. A significant thermal nonequilibrium is found in the cold boundary layer in the expansion portion of the nozzle. The important chemical kinetic processes determining the distribution of hydrogen and nitrogen species in different flow regions are presented. It has been shown that the reaction rate of hydrogen species ionization impacted by electrons is much higher than that of nitrogen species ionization in the center of the constrictor of the arcjet thruster. This indicates that hydrogen species is very important in the conversion of applied electric energy into thermal energy in the constrictor region of the arcjet thruster.
Introduction
The arcjet was designed to convert applied electric energy into thermal energy of the working gas utilizing arc discharge and then to generate thrust through high-temperature gas expansion and acceleration in the Laval nozzle [1, 2] . Therefore, the arcjet performance depends largely on the energy transfer and plasma flow processes within the thruster. The working gas is injected upstream of the thruster and heated in the constrictor region by the arc discharge to temperature as high as 2×10 4 K in the plasma arc core region, which causes gas dissociation and ionization. When the working gas leaves the constrictor and enters the expansion part of the nozzle, it is continuously accelerated to the velocity of the order of 10 4 m s −1 at the thruster exit [3, 4] .
The high speeds in the expansion portion of the nozzle may prevent recombination processes of dissociation and ionization species from returning the gas to its equilibrium state. In the high-temperature, arc center region, the heavy species and electron temperatures are closely coupled, while in the lowtemperature, weakly ionized boundary layer near the thruster anode, the heavy species and electron temperature are basically uncoupled.
In a well-designed arcjet thruster, the arc emanates from the cathode, passes through the constrictor, and attaches along the anode surface in a diffuse manner. Therefore, the arcjet thruster is a typically non-transferred arc-type device. It has been found previously that the high-temperature arc does not completely fill the channel of the constrictor. In fact, a hightemperature arc column was observed in the center of the constrictor, which was surrounded by a rather large nonluminous gas layer [5, 6] . Based on these phenomena and observation, a dual-channel model [5] and the following three-channel models [6] have been developed. In the dualchannel model, the plasma flow in the constrictor was divided into a hot plasma core region characterized by intense ohmic heating and a cold gas region with a uniform temperature. Recently, this model was extended to a three-channel model in which a transition region was introduced to connect the arc core and the outer flow regions. By dual-and three-channel models, a series of integral expressions of specific impulse and thrust as a function of arc current, mass flow rate, and thruster geometry can be obtained to predict thruster performance. However, there are some limitations and the partial important physical processes are outside of the two-or threechannel model. First, it is difficult to find a reasonable method to define the edge of different regions. In previous studies, a specific temperature contour, such as 7000 K, was chosen as the edge between the arc core and the outer flow for the arcjet thruster with hydrogen as the working gas [5, 7] . However, this method cannot be extended to the other kinds of working gases due to the fact that the arc characteristics are different for different working gases. For example, the arc column diameters are usually more constricted for molecular gas and larger for atomic gas. In a previous experiment, it was found that the centerline temperature was 11 000 K in the nitrogen arcjet thruster and around 7000 K in the argon thruster [5] . Second, the detailed plasma flow structure and physical processes cannot be obtained from the multi-channel model, which is due to the fact that the thermodynamic and transport properties were taken as constants in each channel [5, 6] , and some important chemical kinetic processes were not taken into account. Therefore, a more comprehensive numerical simulation is needed to gain more insight into the nonequilibrium plasma flow processes and their effects on arcjet thruster performance.
In this paper, a thermal and chemical nonequilibrium model is used to study the gasdynamic flow features in a kW power class arcjet with the mixture of 1:2 nitrogen/hydrogen as the working gas. Separate energy equations are used to capture the thermal nonequilibrium phenomena in the arcjet thruster. In order to obtain the species distribution and examine the roles of different kinetic processes inside the thruster, an improved kinetic scheme is introduced in this study, which takes some important dissociation, ionization, and recombination processes into account. A new method to define the edge of the cold-flow boundary layer around the arc is introduced, which is helpful to increase the understanding of the flow field structure in the arcjet thruster. Figure 1 (a) presents the geometry structure of a kW class arcjet thruster developed by the NASA Lewis Research Center [8] , which is used as the baseline thruster in this study.
Description of the model
Because nozzle structure is axisymmetric, only the upper half part of the thruster is considered in the calculation. It can be seen from figure 1 that the arcjet thruster includes convergent, constrictor, and divergent parts. The constrictor is designed to lengthen and assist the stabilization of arc. In order to compare with the previous ground experimental study, the nitrogen and hydrogen mixtures at a ratio equal to that of fully decomposed hydrazine is selected to be the working gas.
The main assumptions are adopted in this study as follows. (i) the gas flow in the arcjet thruster is compressible, laminar, axisymmetric, and steady. Since the estimated Reynolds number based on the constrictor diameter of the baseline arcjet thruster is 10 2 -10
4
, the laminar assumption is reasonable in this study. (ii) temperature differences between the electrons and heavy species require independent energy equations, while strong coupling is assumed for heavy species, such as the ions and neutral species and then all the heavy species are in thermal equilibrium at the same temperature T h . (iii) the plasma is assumed to be macroscopically neutral. (iv) the plasma is optically thin. (v) the anode region is not included in the computation domain. A linear variation of the temperature profile is applied to the inner surface of the anode. This temperature profile is based on experimental and numerical calculations for a radiatively-cooled arcjet thruster [9] .
In this simulation, seven species (H 2 , N 2, H, N, H + , N + , e) and 17 corresponding chemical kinetic processes are included. Actually, it should be desirable to include more detailed kinetic processes into the chemical model in order to obtain more accurate species distributions in the arcjet thruster. However, there are a great number of chemical kinetic processes involved, even in a simple plasma system. The consistent and simultaneous solution of momentum equations, energy equations, and species equations are quite difficult, because all of the equations are coupled. Thus, a simplified and proper chemical kinetic model, which includes the important chemical processes, is necessary in the study [1] . It has been noted in a previous study that in the arc center region the electron and gas temperature are closed coupled, where the number density and temperature of the electrons are the highest [10] . This implies that in this region, the plasma flow is very close to chemical and thermal equilibrium. However, in the fringes of the plasma arc and the expansion portion of the nozzle, plasma may be away from the chemical and thermal equilibrium. Therefore, the chemical kinetic processes, which are chosen to compose the chemical nonequilibrium model employed in this simulation, should follow this realistic physical phenomenon taking place in the arcjet thruster, i.e. the species distribution in the arc core obtained by the chemical kinetic processes used for the chemical nonequilibrium simulation should be consistent with those calculated from the Saha equation, which represents the chemical equilibrium situation. According to this criterion, an improved chemical kinetic model has been developed in this study. The chemical kinetic processes considered for nitrogen/hydrogen mixture have been listed in table 1. As shown in this table, the chosen kinetic processes for hydrogen species are similar to those of hydrogen arcjet simulation reported by Miller et al [11] [12] [13] , which are taken from [11, 14] . The dissociation, ionization, and recombination processes for nitrogen reactions are taken from [15] [16] [17] .
In this study, the species variation with temperature in a nitrogen/hydrogen system obtained by the chemical kinetic model used in this study is compared with the results computed by the Saha equations, which represents the chemical equilibrium situation, and the results based on the previous chemical kinetic model reported in [18, 19] . The species mole fractions are calculated in a mixture of 1:2 nitrogen/hydrogen at 0.01 atm, which is shown in figure 2 for comparison. In this figure, the solid line represents species variation, which is calculated according to a Saha equation. The dash line represents the results calculated based on Megli's model [18, 19] , while the symbols represent results computed from the chemical kinetic model used in this study. It can be seen from this figure that the mole fractions of hydrogen and nitrogen atoms computed according to [18, 19] are significant deviations from the chemical equilibrium results within the temperature range of 6000-9000 K. The results computed from the improved chemical kinetic model used in this study are consistent with the results obtained from a Saha equation [19] within the whole temperature range for the case of chemical equilibrium, which implies this chemical kinetic model is more reasonable. Based on the aforementioned main assumptions, the numerical model can be summarized by a set of equations, which must be simultaneously computed to obtain parameter distributions of the gas flow in an arcjet thruster. The conservation equations used in this simulation including species, energy, and momentum equations coupled with Maxwell's equations [10] . The species continuity equations can be written as
where the subscript s represents the species, s r is the mass density for the species, which can be calculated by m n , s s s r = and m s and n s are, respectively, particle mass and number density for species s. In equation (1), u  is the gas flow velocity. J s  and n ṡ are, respectively, the mass diffusion flux and net generation rate for the species s. In this simulation, we solve the species equations of the molecular species, N 2 , atomic species, H, N, and ion species, H + , N + , equations. The mass density of H 2 is obtained by subtracting the mass density of other species from the total mass density to ensure the over mass continuity. The number density of an electron can be derived from the charge-neutrality equation. In a plasma system, the charge neutrality requires the conservation of different species diffusion fluxes [20] . In this study, the ion diffusion is approximated by ambipolar diffusion as used in [21] . Six heavy particles and electrons are included in the model. Thus, the equation of state can be given as 
In equation (2), p is gas pressure, k B is the Boltzmann constant, T e and T h are electron temperature and heavy-species temperature, respectively. The momentum conservation equation is given by
where t and p are the shear stresses and gas pressure, respectively. I represents the identity matrix. The mass density r is given by . 
In this equation, h represents the specific enthalpy of gas, and the calculation methods are shown in detail in [7, 10] . q  represents the heat flux vector, which includes the heavyspecies heat flux q h   and electron heat fluxes q . 
The energy loss of electrons due to elastic collisions with heavy species, E , eh is written as [24] . In this study, the radiation is considered based on the Waston and Pegot model [22] , in which the continuum radiation from electron-ion recombination and free electron transitions (bremsstrahlung) were included and calculated by a quantum defect method. Calculation of the radiation transfer term, in this study, is accomplished by interpolation from the data taken from the Waston and Pegot report, which is set as a function of temperature and pressure.
According to Ohm's law, the current density can be calculated by
where, s and E  represent the electric conductivity and electric field, respectively. Rewriting Ohm's law by making use of Maxwell's equations for steady conditions, one obtains an equation for the magnetic induction intensity in the form [25, 26] . 
Here, B q is the azimuthal component of the magnetic induction intensity. It is noted that this equation (9) is an elliptic equation, which means the magnetic induction intensity distribution can be obtained if the boundary conditions are given. Then, one can further obtain the current-density distribution from Ampere's law and obtain the electric field distribution from Ohm's law, respectively.
The detailed results of this study are presented for a standard arcjet thruster for the case where the operating parameters of arc current and mass flow rate are 10 A and 50 mg s −1 , respectively. At the inlet of the thruster, the flow is assumed to be subsonic. The temperature and mass flow rate of the working gas are specified. Zero radial gradients are specified on the centerline of the arcjet thruster, assuring total symmetry. Since the flow is supersonic over the majority of the exit plane of the thruster, zero parameter gradients are adopted. Along the thruster wall, axial and radial velocities are assumed to no slip. The electron temperature is assumed to zero gradient, while the heavy-species temperature is assumed to change linearly along the thruster wall, i.e. increasing from 800 K at the inlet to 1500 K at the downstream of the constrictor, and decreasing to 1200 K at the thruster exit. The temperature profile was chosen according to previous experiments and numerical predictions of thruster wall temperature distribution of the radiatively-cooled arcjet thruster [9] . The boundary conditions of the electromagnetic fields are set to the same as those used in [7] . The details of the boundary conditions for the entire flow field can be found in [26] .
The accurate values of the transport and thermodynamic properties are very important to get accurate and reliable simulation results, especially for the plasma process inside the arcjet in which a large parameter gradient exists. In this nonequilibrium simulation, the transport and thermodynamic coefficients are calculated by the species number densities and temperature at each grid point for each iteration until the calculation reaches convergence. To obtain accurate transport properties, the Chapman-Enskog expansion is employed [27] . The second-order approximations are employed to calculate heavy-species thermal viscosity coefficients and conductivities. The third-order approximation is used to obtain correct electron conductivity and electron thermal conductivity. The calculation methods of transport and thermodynamic properties can be found in [28] [29] [30] .
In the study, the Runge-Kutta scheme with fourth-order is employed to march forward in time. The Roe scheme with MUSCL limiters is used to discretize the convection terms of the governing equations. Central-differencing is chosen to discretize the diffusion term. The non-uniform grids comprise 140 axial nodes by 30 radial nodes. The finer mesh is employed around the anode wall and the nozzle axis. The grid dependence has been checked. The computational grids adopted here are sufficient to capture the important physics, and considered a reasonable trade-off between numerical accuracy and computational effort.
Results and discussion

Code verification
Several compressible flow cases, such as the subsonicsupersonic flow inside a Laval nozzle, and the supersonic flow in a channel with a bump, have been used to validate the code used in this simulation. Agreement with the previous experiments has been found and then the accuracy of the code when no plasma is presented in the flow are demonstrated [7] . Then, this code has been modified to the case of two-temperature plasma flow. After more than ten years of continuous improvement, the current code is able to deal with the nonequilibrium gas flow and heat transfer with arbitrary numbers of chemical processes and species [7, 10, 31, 32] .
In this study, the low-power standard arcjet thruster developed by the NASA Lewis Center is used for comparison, which has been used extensively for arcjet diagnostics [33] [34] [35] . Figure 3 shows the centerline predictions of heavyspecies temperature compared with spectroscopy measurement of rotational and vibration temperatures presented by [36] . In the experimental study, the plasma emission properties were observed through small holes drilled at successive axial locations. In figure 3 , the solid line represents the predication of heavy-species temperature by our simulation, the symbols represent the experimental measurements of N 2 rotational and vibrational temperatures by Zubes and Meyers [36] . The operating parameters for both predictions and measurements are similar. As shown in figure 3 , the experimental results of vibrational and rotational temperatures are in reasonable agreement with the modeling prediction.
The exit plane predictions of radial heavy-species temperature with experimental measurements are shown in figure 4 . The experimental result is taken from [33] . In the experiment, the ion temperature was derived by ion speed ratio (u i /c m ), where c m =(2kT i /m i ) 1/2 for the operating conditions where mass flow rate and arc current are 50 mg s −1 and 10 A, respectively. Combining the ion speed ratio with the measurement of u i , the quantity (2kT i /m i ) 1/2 can be obtained and hence the ion temperature. The ion speed ratio, (u i /c m ), was measured by a quadruple probe at 2.2 mm downstream of the thruster exit, and the ion speed was measured by the time-of-flight electrostatic probe method at 1.0 mm away from the thruster exit. It can be seen from figure 4 that in the center of the thruster exit, the simulation accurately predicts the experimental measurements. The slight discrepancies between theory and experiment at large radii may be due to probe misalignment with the flow [33] .
The comparison between the predicted axial velocities with experimental results at the thruster exit is shown in figure 5 . In this experimental study, the operating parameters are the same as in [33] . The measurements were taken in the plume at an axial location centered at 1.0 mm downstream of the thruster exit. As shown in figure 5 , the modeling results are in reasonable agreement with the experimental measurements.
Flow and temperature field structure
In the arcjet thruster, the Reynolds number is of the order of 10 3 , estimated according to the constrictor size of the standard arcjet thruster, which implies that there are steep radial gradients inside the thruster and the non-uniformity of the gas parameters has considerable effect on the gas flow process in the arcjet thruster. In order to gain more insight into flow and temperature field structures of the arcjet thruster and their effects on arcjet performance, a new method is introduced to define the edge between the boundary layer and main flow region inside the arcjet thruster. In this method, average specific enthalpy and average axial velocity of channel crosssection are introduced, which can be expressed as 
( )
Then, the edge of the high-temperature center region/ cold boundary layer can be defined as the place where the specific enthalpy of plasma flow is 99% of the average specific enthalpy of the whole cross-section, while the boundary of the main flow/velocity boundary layer can be defined as the place where the axial velocity of plasma flow is 99% of the average axial velocity of the whole cross-section.
The calculated heavy-species temperature and axial velocity are, respectively, shown in figures 6(a) and (b). The white solid lines plotted in figure 6 (a) are calculated based on equation (10) , which represent the edge between the hightemperature center region and the cold boundary layer inside the arcjet thruster. Although the radial distribution of temperature is continuous, in fact, there still exists a very steep temperature profile at the arc edge, as shown in figure 6 . Since the Joule heating increases rapidly once an ionized temperature is reached, ohmic dissipation increases rapidly with further temperature increase, and this leads to the temperature changing significantly at the arc fringe. With the help of the boundary lines shown in figure 6(a) , the evolution of the arc center region can be demonstrated more clearly. As shown in figure 6(a) , an intensive electrical heating of the plasma and high arc current density are produced in the constrictor region, because of the strong axial electric fields and the small crosssections area in this region. It is well known that associated with all current is a self-magnetic field whose concentric lines of force around the current have a squeezing effect on the arc, tending to increase the pressure effect on the axis of the arc. The increase in pressure is proportional to the current density. For the arcjet device shown in figure 1 , the narrow cathode of small diameter with a pointed conical tip forces the arc to have a higher current density at the electrode. As a consequence, the gas heating is mostly confined in the central region of the flow, corresponding to the maximum temperatures of the working gas, as indicated in figure 6(a) . The pressure of the arc in front of the electrode is higher than that downstream of the nozzle. This higher pressure causes a strong axial flow away from the cathode towards the downstream divergent part of the nozzle. Downstream on the constrictor, steep parameter gradients in the radial direction lead to radial broadening of the arc through heat conduction and the diffusion of species until plasma flows out the thruster.
The white solid lines calculated based on equation (11) are plotted in figure 6(b) , which represent the location of the flow boundary layer inside the arcjet thruster. As shown in figure 6(b) , in the high-pressure, high gas density, constrictor region, the flow boundary layer is relatively thin. Downstream on the constrictor, the arc spreads and a roughly parabolic velocity profile develops. The downstream flow boundary layer thickens as the pressure, density, and local Reynolds number decrease, indicating an increase in viscous losses. A centerline axial velocity maximum occurs at x∼8 mm, after which the gas velocity in the central region begins to decelerate. However, the gas in the flow boundary layer continues to accelerate throughout the nozzle.
The effects of the flow boundary layer on the arcjet thruster performance for different cases are also investigated in this study. It can be seen from table 2, for the case where the mass flow rate and arc current are 50 mg s −1 and 6 A, respectively, that 85% of the gas flows within the flow boundary layer and only 15% of the gas flows within the high-temperature arc core in the constrictor. In the nozzle expansion portion, the working gas in the flow boundary layer continues to merge with the arc, which leads to the mass flow rate of the flow boundary layer decreasing to 56% at the thruster exit. Even so, the contribution of the working gas in the cold-flow boundary to total thrust is still 42%.
The effects of arc current flow boundary layer features and their contribution to thruster performance are provided for three current levels in table 2. It can be seen that as the current increases, the percent of the mass flow rate within the flow boundary layer decreases, which is because the arc width increases. In the arcjet thruster, arc widening and temperature increasing with the increase of current are due to the more ohmic dissipation produced by higher currents. The additional electron heating is produced by increased dissipation. Higher electron temperature augments the collisional energy transfer between the heavy species and electrons, and then increases the gas temperature. The elevated temperature causes higher dissociation and ionization rates and diffusion, which widen the ionized region in the arc core. More gases in the flow boundary layer are merged into the center region due to the exchange of momentum and energy during the process of the arc core expanding radially. Therefore, the central region of mass flow rates increases and then the contribution of the gas flow of the central region to thruster performance also increases.
The effects of varying mass flow rate on the flow boundary layer features and their contribution to thruster performance are also shown in table 2. The arc becomes more constricted with increasing mass flow rate, since the increase of gas density directly decreases the heat diffusivity. This can be seen quantitatively in table 2. The percentage of the mass flow rates of the flow boundary layer increases as the total mass flow rate and the contribution of the flow boundary layer to thruster performance increases. As shown in table 2, with increasing the mass flow rate, the specific impulse decreases, while the thrust increases. This is mostly because most of the working gases have not been directly heated by the plasma arc.
Thermal and chemical nonequilibrium features
The calculated reduced electric field and thermal nonequilibrium parameter T e /T h distributions are shown in figure 7 . The white sold lines in figure 7 represent the edge of the cold boundary layer inside the thruster. It is found from figure 7(a) that the maximum of reduced electric field of E/N=900 Td is observed near the central line of the constrictor outlet, since strong electric field is noted in this region. In the cold boundary layer, the value of E/N is much smaller compared with the central region of the constrictor outlet. In the arc attachment region, it is found that the value of E/N is about 120 Td, while it reduces to about 20 Td in the nozzle exit. The thermal nonequilibrium parameter distribution is presented in figure 7(b) . The plasma in the central region is very close to thermal equilibrium, since the number densities of the electrons and heavy species are high enough to maintain strong coupling between the electrons and heavy species. While downstream of the constrictor, it is found that in the cold boundary layer, the electron temperature is significantly higher than the heavyspecies temperature, which infers the plasma is significantly deviated from thermal equilibrium in this region. The temperature difference between the electrons and heavy species directly affects the electron density in this region, which actually increases the electrical conductivity of the plasma near the anode wall. It is because the elevated electron temperature, which is due to the effect of intense ohmic heating, promotes the dissociation and ionization of the working gas and then creates the necessary charge carriers for electrical conduction between the anode and boundary layer. Besides this, electron radial diffusion from the high-temperature arc core to the thruster wall also increases the electron densities in this region.
The energy conversion processes, species distribution, and evolution depend largely on the different chemical kinetics processes taking place inside the arcjet thruster. Therefore, it is necessary to investigate the generation and elimination process of the nitrogen/hydrogen species in different parts of the arcjet thruster. In figure 8 , the relatively important chemical processes, which affect the density of hydrogen and nitrogen molecules at the exit of the constrictor, are illustrated. The shadows represent the region of the cold boundary layer inside the constrictor. Three important features are demonstrated in figure 8 . First, all the kinetic processes exhibit similar radial profiles, i.e. there is a small dip at the center of the constrictor. This is because the ionization of hydrogen and nitrogen atoms causes a decrease of the production rates of hydrogen and nitrogen atoms at the high-temperature region of the arc center. Second, all the chemical kinetic processes decrease significantly with the increase of radial distance inside the cold boundary layer. The reaction rates of the kinetic processes of the hydrogen species drop slower than those of the nitrogen species. The final feature is that the dominant dissociation mechanisms of the hydrogen and nitrogen molecules are different. For hydrogen species, the dominant dissociation mechanism of hydrogen molecules is heavy-species impact dissociation, while for nitrogen species the dominant dissociation mechanism is electron impact dissociation.
The ionization and recombination processes presented in figure 9 illustrate two important features. First, in the center region where the electron temperature and number density are highest, the ionization due to the electron impact atom reaction is dominant, while inside the cold boundary layer, the three-body recombination processes are dominant. Second, it is noted that the reaction rate of the electron impact ionization of nitrogen atoms is significantly lower than that of the electron impact ionization of hydrogen atoms. This implies that hydrogen species is very important during the conversion of electric energy into thermal energy in the constrictor of the arcjet thruster.
In the nozzle divergent part, the thermal energy is converted into kinetic energy and then the axial temperature of the heavy species decreases from 16 000 K around the constrictor region to 2900 K at the exit of the thruster, as shown in figure 6(a) . The low temperature at the thruster exit leads to the fact that the dominant kinetic processes are quite different from those at the constrictor region. As shown in figure 10 , for hydrogen species, the dominant kinetic process is heavyspecies collision dissociation across most of the cross-section thruster exit, and only in the very close region to the nozzle wall do the recombination processes of hydrogen atoms become dominant. However, for nitrogen species, the dominant kinetic process is heavy-species collision recombination across most of the cross-section of the thruster exit. This is because the dissociation energies of hydrogen molecules, 4.48 eV, is lower than that of nitrogen molecules, 9.61 eV, which leads to the dissociation process of the hydrogen molecule being much easier than that of the nitrogen molecule. The dissociation of the nitrogen molecule usually occurs at temperatures of about 5000-7000 K, whereas the dissociation of the hydrogen molecule occurs at temperatures of about 2000-4000 K. It is noted that the average temperature of the heavy species across the exit plane is around 2000 K. This temperature is able to maintain the dissociation reaction of hydrogen molecules, while it cannot prevent the recombination of nitrogen atoms.
The rates of chemical processes contributing to the generation and elimination of hydrogen ions (a) and nitrogen ions (b) at the thruster exit are shown in figure 11 . It is found that the trends of the radial distribution of the kinetic process rates of hydrogen atoms are similar to those of nitrogen atoms. The dominant kinetic processes are electron-ion threebody recombination both for nitrogen and hydrogen species.
Conclusion
A thermal and chemical nonequilibrium model is used to study the plasma flow characteristics inside an arcjet thruster. Some important dissociation, ionization, and recombination reactions of nitrogen/hydrogen species are taken into account in the study. The distributions of heavy-species temperature, A new method is introduced to define the edge between the boundary layer and main flow region inside the thruster. With the help of this definition, the evolution of the hightemperature center region and cold boundary layer inside the arcjet thruster can be demonstrated more clearly. It is found that only a small part of the gas flows within the hightemperature arc core, while most of the propellant flows through the cold boundary layer. Although there is more working gas merged into the main flow region during the expansion processes, the gas flow in the flow boundary layer still occupies a large proportion. The contribution of the working gas in the cold-flow boundary to total thrust is around 32%-42% for the cases investigated. From the point of view of improving the arcjet performance, further optimization should be designed to minimize the ratio of the working gas flow in the boundary layer.
The chemical nonequilibrium characteristics of the nitrogen/hydrogen mixture plasma flow are also presented. It is found in the constrictor region that the reaction rate of electron impact ionization of nitrogen atoms is significantly lower than that of electron impact ionization of hydrogen atoms. This indicates that hydrogen species plays an important role in the conversion of electric energy into thermal energy in the constrictor region of the arcjet thruster. At the exit of the arcjet thruster, the heavy-species temperature is able to maintain the dissociation reaction of hydrogen molecule, while it cannot prevent the recombination of nitrogen atoms.
